Advances in silicon processing and micro-machining now allow the consistent manufacture of micro-and nanoscale features necessary for the production of controlled roughness superhydrophobic surfaces.
Definition of superhydrophobicity
Superhydrophobic surfaces are generally defined as surfaces for which the contact angle of water is greater than 160°. This high contact angle leads to water droplets sitting on the surface as almost perfect spheres, which roll off the surface as soon as it is tilted ( Figure 1 ). Superhydrophobic surfaces also must have low contact angle hysteresis, that is, that the difference in wetting angle between the advancing and receding edge of the droplet should be as small as possible. If the difference between these angles is zero, then the drop will move as soon as the surface is tilted [ 1] .
Superhydrophobic surfaces are seen in nature in plants such as the pond dwelling lotus, the leaves of which are superhydrophobic. Surface tension is a force occurring at the surface of a liquid where it is in contact with other liquids or gases. It acts to minimise the free surface presented by the liquid to the gas as this is the lowest energy state for the two fluid system. Superhydrophobic surfaces combine a low surface energy coating such as Teflon or Silane with contact angles on flat surfaces from 100° to 120° with a surface which is rough on a micro [ 2] or nanoscale [ 4] .
The roughness of the surface makes it more favourable from an energy point of view for the drop of water to bridge the gaps between the tips of the roughness elements rather than to wet between them. As a result of this behaviour, the drop acts to minimise its free surface by forming itself into a spherical shape.
While the properties of superhydrophobic surfaces are useful to plants in removing dust from them via drops of water rolling off the leaves collecting dust on their surface as they roll, the behaviour of superhydrophobic surfaces with a continuous film of water flowing over them is of more interest from a microchannel perspective. It has been shown [ 2] that the hydrodynamic drag through a microchannel with superhydrophobic walls can be significantly less than that through an ordinary microchannel. This work describes the challenges in the effective use of superhydrophobic surfaces for this purpose.
Superhydrophobic Surface Geometry
Though creating a superhydrophobic surface with random roughness is possible [ 4] , for this work it was decided to etch regular geometries as a predictable geometry allows better control over the experimental parameters which determine superhydrophobicity. Geometries manufactured include pillar, brick and honeycomb structures as in Figure 2 . The pillar based nanograss design was chosen for detailed investigation as it offers a simple geometry with easily varied parameters. The nanograss shown in Figure 2 has post diameters of the order of 200nm.
The behaviour of superhydrophobic surfaces in microchannel flows
The following paragraphs describe the properties of superhydrophobic surfaces and their predicted and measured behaviour.
Pressure stability
Maintaining a superhydrophobic channel for a wide range of pressures and liquids is not a trivial task. For a particular roughness pitch and diameter, only pressures within a certain range can be supported. The pressure stability criterion derived for nanograss consisting of round evenly spaced posts as in Figure 3 is given in equation (1) . This formula is based on the force balance between the liquid pressure and the surface tension of the liquid. Experimental results confirm that this correlates well with reality.
Drag reduction Figure 4: Exploded diagram of nanograss flow test rig (On right), Assembled test rig (On left).
Shear forces between the walls of a channel and the fluid pumped along it induce a pressure drop along the channel. In liquid flows it is assumed that the fluid velocity at the wall of a flow channel is zero. Intuitively it can be concluded that since only a small fraction of a superhydrophobic surface touches the fluid flowing past it, less of the fluid will be held at a zero velocity. This will reduce the pressure required to produce a given liquid flow rate through the channel compared to a channel with wetted walls. The test rig shown in Figure 4 was used to characterise the pressure flow behaviour of nanograss samples.
Contact line movement under flow conditions
Experiments measuring flow over nanograss surfaces have shown that in some cases no drag reduction is seen for flow over superhydrophobic surfaces. This is likely to be due to an effect predicted by numerical simulations and described in [ 3] , where the flow enhancement can be seen to tend towards zero as the contact line moves down the post. This means that for a superhydrophobic surface to provide a drag reduction, careful design is needed.
Bubble formation/gas depletion in superhydrophobic surface
For the investigations described here, air and water are used as the fluids in contact with the nanograss. Since most of the constituent gases in air are soluble in water, a problem exists with mass transfer between the air layer trapped between the nanograss posts and the water layer flowing over the posts. If the water is degassed, it will rapidly absorb the air from the air layer on the nanograss, resulting in complete wetting of the surface. Similarly, if there is too much dissolved gas in the water, it will outgas, forming bubbles in the water, blocking the flow.
Gas recirculation in superhydrophobic surfaces
For most nanograss surfaces, a finite volume of gas is trapped between the liquid and the roughness elements on the surface. The movement of the water over the gaps between the roughness elements cause it to induce shear in the gas layer. This causes recirculation in the gas layer.
Challenges:
• More durable hydrophobic coatings -current coatings degrade with time and use.
• Surfaces that are less prone to physical damage and easily handled.
• Means of regulating the dissolved gas levels in the liquid. This is essential to maintaining superhydrophobicity.
• Understanding and elimination of contact line movement effects on drag reduction.
• Measuring and predicting the heat transfer performance of superhydrophobic surfaces.
